Background: Many traits evolve by cis-regulatory modification, by which changes to noncoding sequences affect the binding affinity for available transcription factors and thus modify the expression profile of genes. Multiple examples of cis-regulatory evolution have been described at pattern switch genes responsible for butterfly wing pattern polymorphism, including in the diverse neotropical genus Heliconius, but the identities of the factors that can regulate these switch genes have not been identified.
Background
A major challenge in evolutionary developmental biology is to understand how modifications to gene expression can lead to biological diversity. In particular, variation in cis-regulatory elements has been repeatedly identified as the material source of polymorphism and divergence in physiology, behavior, pigmentation patterns and morphological structures; Gephebase, a database of genotypephenotype relationships, identifies 323 such examples of cis-regulatory evolution in diverse eukaryote clades [37] .
These elements must function by differential binding of regulatory factors, and so to understand the evolution of gene regulatory networks, we must first identify which regulatory factors are present and able to perform this function in a given spatial and temporal context.
The Lepidoptera make up ~ 18% of described animal diversity and have a vast array of wing patterns, both within and between species. Recent advances in genetics, genomics and experimental methods have begun to uncover the underlying genetic and developmental basis of lepidopteran wing pattern variation [22, 33] . One of the most diverse and well-studied groups are the Heliconius butterflies, and it is now understood that much of the variation in wing pattern in this group results from regulatory evolution at just three genes, optix, WntA and cortex [38, 43, 50] . CRISPR/Cas9 mutagenesis has shown that optix and WntA are also involved in the patterning of wings in multiple butterfly lineages [41, 68] . At each of these loci, there are a large diversity of complex regulatory alleles, controlling expression patterns across the wing surface during development [13, 60, 61] . This regulatory diversity that generates the extraordinary variation in wing patterns nonetheless acts against a background of highly conserved regulatory factors that underlie insect wing development. Consistent with this idea, earlier candidate gene studies have shown that many patterning factors previously identified in Drosophila wing development show similar patterns of expression on butterfly wings (Table 1) . In some cases, interesting novel expression domains have already been identified in butterfly wings, mainly in association with eyespot elements [9, 44] .
If this is in fact the case, then the pattern variation we observe in Heliconius and other butterflies could be Table 1 A summary of single-gene expression studies performed on developing butterfly wings, indicating whether notable differences in domains of expression have been described in butterflies relative to D. melanogaster
Many of the genes listed, in addition to having domains of expression that are homologous to those found in D. melanogaster, are also expressed in association with eyespots
Gene

Species Any novel domains? References
Ultrabithorax J. coenia [63, 64] apterous J. coenia, B. anynana Localized reduction in expression associated with ventralization of pattern [9, 47] engrailed/invected J. coenia Eyespot associated [9] P. rapae, B. anynana, Saturnia pavonia, Antheraea polyphemus [42] scalloped J. coenia [9] 
BarH1
Colias Butterfly specific, pigment associated [65] generated by the differential 'readout' of a highly conserved set of transcription factors that effectively 'prepattern' the wing (Fig. 1a) . These conserved expression patterns could then provide input to the regulatory elements of pattern switch genes like optix (Fig. 1b) , and in turn, modifications of these elements could lead to production of wing pattern diversity (Fig. 1c) , a mechanism that allows for the gain of novel phenotypes with the avoidance of deleterious pleiotropic effects [48] . This hypothesis has previously been examined at the withinspecies level in Heliconius through transcriptomics [20] . Key examples of this mode of regulatory evolution have been described in evolution of melanic patterns in Drosophila species. For example, the protein Engrailed is a deeply conserved component that specifies the posterior compartment in arthropod segmentation [45, 46] . Some Drosophila species have a melanic spot on the anterior tip of the wing, which is sculpted in part by repression of the yellow gene by en, on the posterior boundary [17] . Here, cis-regulatory evolution at the yellow locus locked onto the conserved spatial information encoded by en. [3] . This mode of trans-regulatory divergence also plays a role in butterfly eyespot evolution (Fig. 1d , [11] ). No evidence has been found for trans-regulatory landscape evolution at the intraspecific level, but could occur between more distantly related species for which genetic mapping is not possible.
Here, we begin to test these ideas by using comparative transcriptomic sequencing in two well-described species Table 1 ). These factors feed in to the regulation of the wing pattern switch genes and shape their expression profiles accordingly, for example in Heliconius the transcription factor optix (b), which causes scale cells that would otherwise develop to be melanic to express ommochrome pigments (c). It is also possible that changes to the expression of wing pattern switch genes like optix could be caused by changes in expression of prepatterning factors (d) in the genus Heliconius, as well as an outgroup species Agraulis vanillae. The two Heliconius, H. erato and H. melpomene, are co-mimics that diverged from each other between 10 and 12 mya [30] , and recently co-diversified into around 25 different co-occurring wing pattern types. In contrast, A. vanillae, which diverged from Heliconius roughly 25 mya, is largely monomorphic across its extensive geographic distribution. Linkage and association studies of pattern variation in Heliconius and other butterflies have repeatedly identified noncoding regions as primary candidates for the loci of evolution [15, 21, 31, 60, 61] . We hypothesize that these candidate regulatory elements allow for regulatory coupling to upstream patterning transcription factors in the wing. In order to understand the upstream spatial information that provides an input to butterfly wing patterning, we need to understand spatial patterns of gene expression in the developing wing, building on a primarily gene-by-gene, candidate-driven approach, as in many previous studies which have primarily used factors known from Drosophila wing development (Table 1 ). In particular, these data help us determine which transcription factors show consistent spatial expression profiles in different species and are therefore candidate constituents of a conserved developmental landscape, and which transcription factors show variable patterns and are therefore candidates for the causative regulators of pattern differences. In addition, following on from the discovery that WntA is a key patterning gene in Heliconius and Agraulis [41] , we also characterized the expression of Wnt pathway constituents in all three species. Our results highlight both strong conservation and striking flexibility in the gene regulatory landscape in the early wing development in Heliconius.
Results
To gain insights into the regulatory landscape that organizes butterfly wing early patterning, we conducted transcriptomic analysis of 110 samples representing whole larval wings from H. melpomene and H. erato, and pupal wings dissected into 5 sections from H. melpomene, H. erato and A. vanillae. Between 10 and 24 million reads were sequenced per sample, and the average percentage of reads per sample that did not map was 11.8% (Additional file 1: Table S1 ), compared to a previous RNAseq study in H. melpomene in which more than 50% of reads failed to map [62] . All samples passed quality controls and could be included in the differential expression analyses.
PCA analysis showed clustering of samples within each species by stage (Fig. 2) . Sample clustering by wing sector is clear in day 1 samples (Additional file 1: Figures S1 and S2), and in Agraulis and H. melpomene, distinct clusters for forewing and hindwing are also present, indicating that there is sufficient detectible differential expression between wing sections to determine spatial expression differences across the wing. At day 2, clustering by wing sector is not evident, and there is some clustering by individual, indicating that there is less differential expression across the wing at this later time point.
Differential expression analysis revealed 209 differentially expressed genes between H. melpomene larval forewings and hindwings, versus 77 in H. erato. In total, 28 of these genes are differentially expressed in both species (Additional file 1: Table S2 ). This includes the transcription factor Ubx, the notch pathway repressor and microtubule binding protein pigs, and 9 genes with no homology to known transcripts. At day 1, we identified 2848 genes differentially expressed between the five wing sectors in H. melpomene, 1713 in H. erato and 1780 in A. vanillae; 617 transcripts were differentially expressed in all three species at day 1 (Additional file 1: Table S3 ). At day 2, 319 transcripts were differentially expressed in H. melpomene, 2663 in H. erato and 167 in A. vanillae, with no genes differentially expressed in all three species, and 30 genes differentially expressed in a pair of species (Additional file 1: Table S4 ), including the pigmentation genes Ddc and tan.
Transcription factors
In order to investigate the nature of the regulatory landscape of the developing wing, we focused on the expression of the 237 identified transcription factor orthology groups, determined by reciprocal best BLAST hits between the three species and homology to known transcription factors from other insect genomes. No expression was detected in any species for 37 of these genes; of the 200 TFs that were expressed, 6 were differentially expressed in all three species, 16 were differentially expressed in 2 species, and an additional 28 were differentially expressed in one species (Fig. 3) . This confirms the presence of TFs that are expressed in a patterned way across the proximal-distal axis of the wing. Minimal differential expression of transcription factors was detected between the anterior and posterior sections of hindwings.
To examine the relationships between spatial domains of expression between the species, expression profiles were clustered into 5 classes by similarity. A total of 20 TFs shared the same expression profile in all three species, and an additional 21 shared the same expression profile in two species, with an additional 10 factors showing a different expression profile in all three species. Of the 37 factors which were differentially expressed in either H. melpomene or H. erato, 26 (70%) were expressed in the same pattern, whereas of the 27 factors differentially expressed in Agraulis, only 13 TFs (48%) were differentially expressed in the same pattern between Agraulis and one species of Heliconius, indicating that while some factors have conserved ancestral expression profiles, others vary in their expression along the proximal-distal axis.
A number of TFs have expression profiles that match known profiles either from immunohistochemistry of butterfly wings or by analogy with gene expression in Drosophila wings (Table 1 ). This includes Ultrabithorax (Ubx), expressed only in the hindwing; homothorax (hth), expressed only in the proximal forewing and anterior hindwing; distal-less (dll), expressed in an increasing gradient from proximal to distal; and mirror (mirr), expressed in the proximal forewing and anterior hindwing (Fig. 3c, f , Table 1 ). The recapitulation of these expression profiles, along with that of cubitus interruptus and invected in hindwings, confirms the presence of conserved expression of genes involved with wing pattern specification between insects and also serves as validation that our experimental design can detect differential expression of transcription factors, which are typically expressed at relatively low levels (Additional file 1: Figure  S4 ).
Multiple additional factors with conserved expression profiles along the proximal-distal axis were identified, including brinker, a negative regulator of Dpp signaling [8] ; bric a brac 2 (bab2), part of a proximal-distal gene regulatory module linked to abdominal pigmentation pattern in Drosophila [52] ; ventral veins lacking (vvl), linked to vein development in Drosophila, here highly expressed in the proximal forewing, and previously suggested as a candidate wing pattern regulator gene in H. erato [12, 60] ; Hr38, a hormone receptor upregulated in the medial forewing; and shaven (sv), related to the development of sensory structures and upregulated in the distal forewing [25] . These factors serve as additional candidate prepattern regulators in heliconiine wings.
Several transcription factors are differentially expressed in all three species, but with different profiles. bunched (bun) (Dpp pathway, [58] ), glial cells missing (gcm) (related to neurogenesis, [23] ) and jun-related antigen (a transcription factor in the JNK pathway, [29] ) are expressed in the same profiles in Heliconius but in a different profile in Agraulis, whereas the functionally undescribed TF CG7786 is expressed in a similar profile in H. erato and Agraulis but differently in H. melpomene, and the Wnt pathway component factors sens and Sox102F are differentially expressed in different patterns in H. erato and H. melpomene. In all three species, Ecdysoneinduced protein 74EF Eip74EF is differentially expressed in a different pattern [59] . The divergent expression of these factors in this set of species may indicate a role downstream of the prepatterning factors, for example as targets of Wnt signaling or in scale cell differentiation.
Several differentially expressed TFs are associated with the development of imaginal disks generally, or are specifically associated with other imaginal disks, in particular related to the eye and the genitals suggesting the possible evolution of novel functions in the Lepidoptera, for example bunched (bun, eye development), lozenge (lz, compound eye development and genital morphogenesis), ken and barbie (ken, genital morphogenesis). Many differentially expressed TFs have known roles in neurogenesis and the nervous system, including senseless (sens), gilal cells missing (gcm), nervy (nvy, axon guidance and chetae morphogenesis). Other factors have specific associations with cuticle or bristle development such as nvy, grainy head (grh), as well as multiple copies of dumpy (dpy). The factor pdm3 is upregulated in Agraulis distal hindwing and is a hotspot for abdominal pigmentation evolution in Drosophila [66] . This may implicate a novel Fig. 3 Differential expression of transcription factors in day 1 pupae. Transcription factors are color-coded for their pattern of differential expression-a, in red, indicates factors that are highly expressed in the proximal forewing and expressed in a falling gradient in the medial and distal forewing; b, in blue, indicates factors that are highly expressed in the distal forewing; c, in orange, indicates factors that are highly expressed in the hindwing relative to the forewing; d, in green, indicates factors that are highly expressed in the medial forewing; and e, in purple, indicates factors that are highly expressed in the proximal forewing but low in the rest of the forewing. Gray indicates no detectible expression. f lists factors with expression patterns shared between two species, and g lists factors with different expression patterns in all three species. Asterisks indicate genes which are significantly differentially expressed; all depicted genes are differentially expressed in at least one species or undescribed role for these factors in the pupal development of insect wings, or specifically in the wings of butterflies.
homothorax
The gene homothorax (hth) was significantly upregulated in the proximal forewing of H. erato and H. melpomene and found to be expressed in the same pattern in Agraulis. This replicates its previously detected expression in early pupal wings of H. erato [20] . To confirm patterning of the hth protein, pupal butterfly wings were fluorescently stained against an anti-hth antibody raised against Drosophila hth. The DNA binding homeodomain of Heliconius, Danaus (Monarch butterfly), Tribolium and Drosophila hth is highly conserved (Additional file 1: Figure  S5 ). Staining with anti-Hth highlighted a gradient of hth from the basal to the medial region of the wing in H. melpomene. Expression was most strongly detected in presumptive scale cell nuclei (Fig. 4) .
Some Heliconius wing patterns show a red patch in the proximal forewing that correlates with this hth expression domain, known as the dennis patch. This patch of red scales is known to be specified by the optix gene, and we therefore hypothesized that the evolution of this patch might have arisen through a novel regulatory link between hth and optix. To explore this possibility, we costained wings for both hth and optix from taxa both with and without the dennis patch. In H. elevatus which has the dennis phenotype, hth expression was strongly coincident with Optix. In contrast, in H. melpomene rosina which has a medial red forewing band, there was no coincident expression of hth with Optix, except in the region of forewing and hindwing overlap where Optix expression is known to be widely conserved among butterflies. Importantly, hth expression was detected from the start of pupation up to and during optix expression at 12-60 h post-pupation. Together, the coincident timing, position and nuclear staining suggest that hth is a potential interacting factor of the dennis enhancer in Heliconius butterflies. hth was not coincident with the dennis bar in the hindwing, however, suggesting that other factors are also involved (Additional file 1: Figure S6 ).
Wnt pathway
Recent studies have highlighted the importance of the ligand WntA in butterfly wing patterning, so we next focused on the expression domains of other Wnt pathway constituents. We identified 52 Wnt pathway constituents in the genomes of our three species (Additional file 1: Table S5 ). Expression profiles were split into three groups based on similarity. In H. erato pupal wings, most Wnt pathway genes showed a very similar pattern of the highest expression in the proximal forewing and lower expression in the medial and distal forewing, whereas in H. melpomene and A. vanillae, a variety of different expression profiles for these genes were observed (Fig. 5) . The variance in Wnt pathway gene expression is reflected in the prototypical Wnt target transcription factor senseless (Fig. 3) . In contrast to the transcription factors, of the 32 genes differentially expressed at day 1, only 8 (25%) had shared expression profiles in all three species, with an additional 4 (12.5%) sharing a profile between the Heliconius species. At day 2, further divergence in expression profiles between species occurred, with none of 19 differentially expressed genes sharing an expression profile between all three species.
The ligand WntA was differentially expressed in the Heliconius species in profiles that correlate with that observed in the Panamanian pattern forms in Martin et al. [38] , and multiple other Wnt ligands were differentially expressed in the three species, including Wnt2 and Wnt6 in Heliconius, which in other Nymphalid species have redundant expression profiles and have been correlated with the discalis pattern elements, and which was also previously reported in H. erato [20, 36] . Two Wnt receptors, fz2 and fz3, are expressed in opposition to each other; fz2 is the primary Wg receptor in Drosophila, while fz3 plays an inhibitory role [4, 55] . Wnt pathway components involved with planar cell polarity including multiple wing hairs (mwh), starry night (stan) and Axin were differentially expressed at both stages, along with other intracellular components of the Wnt pathway including armadillo/β-catenin and wntless, a transmembrane factor required for Wnt ligand secretion. In H. erato, two TFS downstream of Wnt signaling were differentially expressed: pygo and hyrax.
Discussion
We have explored the patterns of gene expression both through development, across evolutionary divergence and across the developing wing. Our results paint a vivid picture of how wing patterns develop and evolve across the three butterfly species. Broadly, H. melpomene, H. erato and A. vanillae share a common spatial transcriptomic landscape in the developing wing with other Lepidoptera and with Drosophila, implying the existence of a shared insect wing gene regulatory network (cf. Table 1) . The results for H. erato here also broadly replicate those from a previous transcriptomic analysis there [20] . However, our data also highlight considerable flexibility in the transcriptional landscape. More than half of the transcription factors that are differentially expressed across the developing wing surface have different expression profiles within the heliconiines. This flexibility is most evident within the Wnt signaling pathway constituents, where H. erato has a derived pattern of strongly correlated Wnt pathway gene expression that is not seen in the other two species, despite strong convergence in pattern between the two Heliconius species studied.
Recent work has shown genome-wide selection on regulatory elements at the between-population level in Heliconius [32] , and it is likely that in the ancestral lineages of The same expression pattern of Hth is conserved in a red-banded butterfly (e), but is not associated with Optix expression. All Heliconius show Optix expression in the overlapping fore and hindwing region, associated with wing coupling scales as documented previously [36] . The expression profile observed in pupal wings here recapitulates the levels of hth transcript observed in the RNAseq analysis of all three species examined here (f) each species, many functional changes could be accrued that would lead to many differences in patterns of gene expression in the wing.
Transcription factors expressed in butterfly wings
Transcription factors provide the physical interactions that lead to differential regulation in gene regulatory networks. Several transcription factors that are known to be involved in development of wings in Drosophila and Junonia were identified in this experiment in their expected expression profiles, including Ubx and hth. Several other factors were expressed in similar patterns in all three species in this experiment; these additional factors could delineate the developmental morphospace Red indicates transcripts that were highly expressed in the proximal forewing, green indicates transcripts that were highly expressed in the medial forewing, and blue indicates transcripts that were highly expressed in the distal forewing. Asterisks indicate transcripts that were identified as significantly differentially expressed. Note the low discordance of expression profile between species, in contrast to the transcription factors indicated in Fig. 3 . HSPG heparin sulfate proteoglycan along the forewing proximal-distal axis and hindwing anteroposterior axis in pupal wings. We identified an additional cohort of transcription factors with non-conserved expression profiles between the three studied species; many more of these factors had shared expression profiles between H. melpomene and erato than between Agraulis and Heliconius. The two Heliconius species are more closely related to one another, but are also convergent in their wing patterns, so we cannot currently disentangle whether the share expression patterns are due to common ancestry or are convergent due to shared selection pressures. Others were different in all three species, implying developmental drift, or a lack of constraint, on the regulation of these factors. Such factors have the potential to act as the substrate for functional diversification.
hth implicated in mimetic pattern evolution
One of the most strongly and consistently differentiated transcription factors was hth, and we therefore followed up on the expression patterns using immunohistochemistry. This confirmed that the hth protein shows a conserved pattern of expression restricted to the proximal wing region in all species examined. Furthermore, co-staining with anti-optix demonstrated a strong correlation of hth with the expression of optix protein in butterflies with the red proximal dennis patch. Expression of both proteins was localized to scale cell nuclei, and spatial patterns were tightly correlated between the two factors. In contrast, butterflies lacking the dennis patch showed a conserved expression of hth, but no correlated expression of optix, indicating that hth is a candidate regulator of optix in dennis + butterflies. A possible mechanism for the evolution of the dennis pattern is therefore that an optix regulatory region gained transcription factor binding sites for hth, allowing the development of a novel pattern without the requirement for changes to the expression or function of hth itself, similar to the roles of en and sr in the development of melanic patterns in Drosophila [16, 17] . Alternatively, hth might regulate optix through intermediate factors, and a number of other candidates upregulated in the proximal region are evident from our results. Future analyses of the dennis regulatory element will be required to determine the precise mechanisms of interaction with upstream regulators.
Wnt pathway variance implies different functions
Variance in WntA expression in correlation with wing pattern has previously been shown in many butterfly clades, including between races and species of Heliconius, and in Agraulis [38, 40] . We found that other Wnt pathway constituents also vary in their expression domains between species. Surprisingly, expression patterns of Wnt pathway constituents were completely different between the two Heliconius co-mimics. In particular, the Wnt pathway constituents in H. erato were mainly expressed in a correlated pattern-high in the proximal forewing and low everywhere else, whereas the same factors were expressed in a variety of patterns in Agraulis and H. melpomene.
Notably, the correlated pattern in H. erato closely mirrors the expression profile of WntA in larval wing disks of H. erato demophoon from Panama, the pattern form used in this study [38] , while the WntA expression profile for Panamanian H. melpomene rosina is notably different from its co-mimic. Here, expression is present in the distal forewing as well as the proximal forewing, and the boundary of proximal WntA expression does not correlate well with the proximal boundary of the red pattern element in the adult wing.
Together, these differences in both WntA function and Wnt pathway component expression could suggest that regulatory diversification of the Wnt pathway has occurred between Heliconius species, implying that this aspect of the wing gene regulatory network has diverged in the lineages leading to these mimetic forms, requiring the utilization of different functional mechanisms for building an identical wing pattern. This suggests extensive genome-wide regulatory divergence at the between-species level between Heliconius butterflies. Alternatively, the differences in expression of Wnt pathway components could entirely be a consequence of the different expression profiles of WntA between the two species. Wnt ligands in Drosophila effect their own autoregulation through modulation of receptor, ligand and transcription factor expression levels [7, 56] . If WntA is capable of directly regulating the expression of Wnt pathway components, this could explain all the differences we observed here while requiring between-species regulatory divergence at just one genomic locus. Separating these two models will require the functional exploration of the effects of WntA signaling.
Conclusion
Our understanding of the regulatory evolution of wing pattern in butterflies is dependent on a clear picture of the expression of developmental factors around the time of wing pattern specification. This study has provided a picture of gene expression along one axis of developing wings in a manner unbiased by our understanding of wing development in non-lepidopteran systems. At the within-species level, we can broadly rule out the hypothesis that trans-regulatory factors change their expression profiles in different pattern forms (Fig. 1d) based on genetic mapping, but we are not able to rule out this phenomenon at the between-species level-it is likely that both processes play a role, either through selection or drift. Our deeper understanding of factors that are expressed in the wing in correlation with pattern elements will permit us to decode the regulatory linkages that lead to the differential expression of pattern switch genes like optix, WntA and cortex, and it is clear that we should look to both conserved and diverging regulatory factors as the causative agents of cis-regulatory evolution.
Methods
Tissue sampling and dissection
Heliconius melpomene rosina and Heliconius erato demophoon were collected from stocks maintained at the Smithsonian Tropical Research Institute in Gamboa, Panama, in February and July 2014. Adults were provided with an artificial diet of pollen/glucose solution supplemented with flowers of Psiguria, Lantana and/or Psychotria alata according to availability. Females were provided with Passiflora plants for egg laying (P. menispermifolia for H. melpomene, P. biflora for H. erato). Eggs were collected daily, and caterpillars reared on fresh shoots of P. williamsi (melpomene) or P. biflora (erato) until late 5th (final) instar, when they were separated into individual pots in a temperature-monitored room, and closely observed for the purpose of accurate developmental staging. Agraulis vanillae larvae were collected from P. edulis located near the insectary in March 2014.
Pre-pupation larvae were identified for dissection. Late 5th instar larvae of Heliconius undergo color changes from white to purple on the last larval day, followed by an additional change to pink-orange in the hours before pupation. Additionally, several behavioral changes accompany the pre-pupation period; the larvae stop eating and clear their digestive tract and then undertake a period of rapid locomotion and wandering until they find an appropriate perch for pupation-preferably the underside of a leaf or a sturdy twig-at which point they settle in place and produce a strong silk attachment. Gradually, over a period of 30-120 min, they suspend themselves form their perch in a J shape and then pupate. Larvae that were post-locomotion but pre-J-shape were dissected in cold PBS and the wing disks removed.
Pupae were allowed to develop until 36 h (± 1.5 h), or to 60 h (± 1.5 h). These time points are referred to as day 1 and day 2 throughout. In the hours immediately post-pupation (day 0), the pupal carapace is soft and the membranous structures of the pupa are thin, weak, transparent and sticky; hence, the effective dissection of unfixed, intact pupal structures is very challenging at the earliest pupal time points. The time of pupal development is approximately equal in the three species.
Pupae were dissected in cold PBS. Wings were removed from the pupa and cleared of peripodial membrane. The wings were then cut with microdissection scissors into 5 sections: forewing proximal, medial and distal, and hindwing anterior and posterior (Fig. 2) . The developing veins were used as landmarks for dissection.
Whole larval wing disks and pupal wing sections were immediately placed into RNAlater (Thermo Fisher, Waltham, MA) and subsequently frozen and stored in liquid nitrogen in Gamboa, Panama, and subsequently transported to the UK on dry ice. Samples were then stored at − 80 °C on arrival in Cambridge until RNA extraction.
RNA extraction and sequencing
RNA extraction was carried out using a standard hybrid protocol. Briefly, wing tissue sections were transferred into Trizol Reagent (Invitrogen, Carlsbad, CA) and disassociated using stainless steel beads in a tissue lyser. Chloroform phase extraction was performed, followed by purification with the RNeasy kit (Qiagen, Valencia, CA). RNA was eluted into distilled water and treated with DNAseI (Ambion, Naugatuck, CT), then quantified and stored at − 80 °C. Left and right wings and wing sections were pooled.
cDNA synthesis, library preparation and sequencing were carried out by Beijing Genomics Institute (Beijing, China). Samples were sequenced at either 75 PE on Illumina HiSeq 3000 or at 150 PE on Illumina HiSeq 4000.
Transcriptome assembly-Agraulis
All paired end sequence data for Agraulis were assembled with the transcriptome assembler Trinity [19] . This generated 87,214 contigs. Next the Trinity output was passed through TransDecoder (Haas & Papanicolaou, in prep) , which annotates the transcript contigs based on the likelihood that they contain reading frames and also based on similarity by BLAST of transcripts to reference assemblies, in this case H. erato and H. melpomene. This annotation (a GFF3 annotation of the Trinity contigs) contained 24,984 genes, which compares to 20,102 annotated genes in H. melpomene v2.1 and 13,676 in H. erato v1.
Mapping and quantification
Reads were aligned with Hisat2 aligner to the genome of the respective species [27, 53] . The highest percentage of unique mappings was achieved using default parameters. Alignments were then quantified using GFF annotations of each genome with HTSeqCount, union mode [2] . Genomes and annotations are publicly available at www. lepba se.org [10] .
